. Nutrient broth (Difco Laboratories, Detroit, Mich.) with 0.5% NaCl was used for growth of the cultures. Nutrient agar plates were made by adding 1.5% Bacto-Agar (Difco) to nutrient broth. The dilutions were made in dilution fluid (DF) buffer (0.4% NaCl, 0.7% Na2HPO4, 0.3% KH2PO4, [wt/vol]) at pH 6.8. The dilutions were also made in DF at pH 3.5. The low pH was obtained by the addition of concentrated HCI. Reagent-grade chemicals were used throughout the study and were obtained from the following sources: glacial AA, NaCl, Na2HPO4, and KI42PO4, J. T. Baker Chemical Co., Phillipsburg, N.J.; LA, Fisher Scientific Co., Pittsburgh, Pa.; and PAflA, Sigma Chemical Co., St. Louis, Mo. AA, LA, and PABA at 2.9% (vol/vol) 0.85% (vol/vol) and 5 mg/ml, respectively, were needed for adjustment of the pH to 3.5. AA and LA were further diluted '(1:2) in distilled water, thus bringing the final concentrations of AA, LA, and PABA to which the cells were exposed to 160.8, 31.4, and 36.5 mM, respectively. All solutions were then filter sterilized and kept at room temperature.
All (18 to 20°C) in a water bath with shaking. At various intervals, samples were withdrawn, diluted immediately in DF (pH 6.8), and surface plated onto nutrient agar plates in duplicate. In other experiments, the dilutions were made in DF at pH 3.5.
All operations were performed in the dark, and the plates were incubated for 24 to 48 h at 37°C. There was no difference in the number of colonies between 24-h and 48-h incubations. However, the colony sizes were smaller after 24 h of incubation than after 48 h.
Acidic PABA survival curves for four repair-deficient strains and their isogenic wild-type E. coli strain are shown in Fig. 1 . The polymerase-deficient strain SR877 was much more sensitive to acidic PABA than were the other strains. During the first 5 min of exposure, both excision repairdeficient strains (uvrA6 and uvrB5) and the recombinationdeficient strain (recA56) showed a similar pattern of sensitivity. However, after 10 min of treatment, strain SR1089 (uvrB5) showed more than a 10-fold-higher resistance than SR349 (uvrA6) or SR876 (recA56) strains. An identical control treatment of each strain exposed to DF buffer at pH 3.5 alone during the entire experimental period did not show any significant loss of colony-forming ability (data not shown). Since all the strains used are isogenic, except for the repair-deficient genes, the difference in their sensitivity to acidic environments must be due to the relative differences in their ability to repair the lesions induced by acids.
The slopes of survival curves for the wild-type, uvrA6, uvrB5, and recA56 strains appeared remarkably similar during exposure to LA ro AA ( Fig. 2 and 3 ), indicating that these two acids exerted similar lethal effects regardless of repair deficiencies of exposed organisms. Furthermore, on the basis of their molar concentrations it also became clear that AA required fivefold-higher concentrations than those of LA to yield a similarly lethal effect. However, the polAl strain showed extreme sensitivity to LA and to AA. The polA strain of E. coli (1) and repair-deficient (uvrB-and rec-) mutants of Salmonella typhimurium (10) have been shown to exhibit a drastic reduction in colony-forming ability on nutritionally rich agar medium after growth in synthetic liquid medium. It became of interest, therefore, to ascertain whether freezing made the cells sensitive to acid treatments. Some of the overnight cultures of all the strains were exposed to acid treatment before being frozen; the procedure was exactly the same as for the frozen cultures after being thawed. Exposure of the polAl strain to AA, LA, or PABA at pH 3.5 for 2.5 min before freezing yielded surviving fractions of 2.59 x 1i-3, 3.39 x 10-4, and 2.6 x lo-,, while after freezing the surviving fractions were 2.9 x 10-3, 3 .21 x 10-4, and 2.4 x 1O-3, respectively, showing no difference in cell survival. Similarly, there was no difference in the sensitivity of wild-type, uvrA6, uvrB5, and recA56 cells to the acids before and after freezing (data not shown). This clearly showed that freezing does not change the sensitivity of cells to acids.
The effect of the pH of DF on the survival of wild-type strain SR248 after acid treatment was evaluated. When the cells, after 15 and 30 min of exposure to acidic PABA, were diluted in DF at pH 6.8, the surviving fractions were 4.7 x 10-2 and 4.56 x 1O-4, but when they were diluted in DF at pH 3.5 after exposure to PABA, the surviving fractions were 9.3 x 10-4 and 3.8 x 10-5, respectively. Thus acid-treated cells diluted in DF at pH 3.5 showed significantly greater frequency of death than those diluted in DF at pH 6.8. The nontreated cells in DF at pH 3.5 experienced no appreciable incidence of death even after 60 min of exposure. Przyblski and Witter (9) have reported a higher incidence of survival of acid-treated E. coli cells after incubation in potassium phosphate buffer at pH 7.6 and 8.0 before plating.
Thus the experimental data suggested that lesions induced by acidity were not efficiently repaired in the mutant strains and that the unrepaired breaks might be a significant cause of cell death. The increased sensitivity of the polAl mutant compared with the wild-type E. coli strain to hydrogen peroxide treatment has been attributed to reduced capability of the polymerase-deficient strain to repair single-strand breaks induced by the chemical (2) . At present, it is not known whether similar mechanisms operate in acid-treated cells. Mutants of E. coli sensitive to low pH have been reported, and defects in the outer cell membrane have been suggested as the cause of the sensitivity (4) . However, in the study by Bielecki et al. (4) , sensitivity to inorganic acid was tested as opposed to sensitivity to the organic acids used here. In fact, this is the first report of the direct involvement of polymerase deficiency in acid injury and cell death.
It is important to note that PABA is used in the cosmetic industry, but a number of benzoic acid derivatives are used in food processing alone or in combination with other agents (3, 8, 13) . Information on the mode of action of PABA under acidic conditions may be useful for both the cosmetic and food processing industries. Although it is hard to assess the biological impact of such a study in the field of food microbiology, the results presented in this report are nonetheless provocative and may lead to further studies on the mechanisms of acid-induced injury and cell death.
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